A highly sensitive method for demonstrating ligand-induced conformational changes in protein molecules in solution is described. The method utilizes an environmentally sensitive reporter group that is known to be distant from the active site. In the present application a conformational change is demonstrated in the galactose receptor of Salmonella typhimurium, involved in bacterial sensing and transport, by means of an extrinsic fluorophore, 5-iodoacetamidofluorescein, attached at a single methionine residue, and the intrinsic tryptophan fluorophore. Binding microenvironment of a residue at some distance from the ligand-binding site. A method is developed that is applicable to dynamic interactions and that also gives unambiguous evidence of conformational changes. The method utilizes a reporter group (5) known to be far from the active site as a probe of conformational changes that occur upon ligand binding. In the present application, two reporter groups are placed sufficiently distant from one another that the bound ligand cannot interact directly with both groups simultaneously. The distance between the dyes is established by fluorescence energy transfer measurements following Forster's equation (6) and Wu and Stryer's use of fluorescence as a spectroscopic ruler (7). A change in the microenvironment of the fluorescent groups then provides evidence for a delocalized conformational change and a description of the dynamics of the event.
The ability to undergo ligand-induced conformational changes is now an accepted feature of protein molecules. To date, the most widely used method providing unequivocal and detailed evidence of this phenomenon has been x-ray crystallography. Crystallographic studies of hemoglobin (1), carboxypeptidase (2) , and lactate dehydrogenase (3) have demonstrated that specific atoms in these protein molecules assume different spatial arrangements in the presence and absence of substrate. Protein crystallography has its limitations, however, which include its inapplicability to the dynamics of molecular interactions in solution, the difficulties of obtaining pure crystals, and the laborious nature of the procedure. Moreover, many protein molecules, of which receptors are a good example, are not available in the quantities required for such an approach.
Other methods that can complement or precede x-ray analysis are needed, therefore, for the study of conformational changes in proteins. One method that has provided definitive but not widely applicable evidence is demonstration of increased reactivity of specific protein residues upon ligand binding (4) . Spectroscopic approaches, which include absorption spectroscopy, far-ultraviolet circular dichroism, and fluorescence, are simple to apply and frequently detect changes in the microenvironment of specific protein residues. Such methods as are conventionally used, however, do not distinguish between a direct effect, i.e., a change in the immediate vicinity of the bound ligand, and an indirect effect, i.e., a change in the Abbreviations: 5-IAF, 5-iodoacetamidofluorescein; 5-AF, 5-acetamidofluorescein. microenvironment of a residue at some distance from the ligand-binding site.
A method is developed that is applicable to dynamic interactions and that also gives unambiguous evidence of conformational changes. The method utilizes a reporter group (5) known to be far from the active site as a probe of conformational changes that occur upon ligand binding. In the present application, two reporter groups are placed sufficiently distant from one another that the bound ligand cannot interact directly with both groups simultaneously. The distance between the dyes is established by fluorescence energy transfer measurements following Forster's equation (6) and Wu and Stryer's use of fluorescence as a spectroscopic ruler (7) . A change in the microenvironment of the fluorescent groups then provides evidence for a delocalized conformational change and a description of the dynamics of the event.
The molecule chosen for development of this method was the galactose receptor of Salmonella typhimurium in bacterial sensing. The galactose binding protein of Escherichia coli was first isolated by Anraku (8, 9) , and was shown to be the receptor in chemotaxis by Hazelbauer and Adler (10) . Recently, Strange and Koshland (11) have described a model for receptor action that postulates a ligand-induced conformational change in the galactose receptor as an obligatory first step prior to its interaction with the signalling apparatus of the sensory system. Boos and coworkers (12) (13) (14) (15) reported spectral changes associated with one or more tryptophan residues in the antigenically related galactose receptor of E. coli upon binding of galactose. These findings, together with the observation that the S. typhimurium protein contains a single tryptophan and binds a single galactose molecule (16) , led us to utilize as the pair of reporter groups 5-iodoacetamidofluorescein (5-TAF) specifically attached at a single site on the protein and the single intrinsic tryptophan moiety of the Salmonella protein. The results and general applicability of the method are discussed.
MATERIALS AND METHODS
The galactose binding protein was isolated by described methods from S. typhimurium strain ST1 (16 The amino-acid compositions of the native and 5-AF-galactose receptors and their methionine sulfone derivatives were determined by Judy Benson and Marian Koshland using a Beckman model 120C amino acid analyzer. The methionine sulfone derivatives were prepared using performic acid reagent according to the method of Hirs (20) .
RESULTS
Effect of Galactose on Intrinsic Fluorescence of S. typhimurium Galactose Receptor. In Fig. 1 is shown the fluorescence emission spectrum of the purified galactose binding protein in the presence and absence of saturating galactose. Galactose causes a 5 nm blue-shift in the tryptophan fluorescence spectrum. In contrast, no such shift is observed in the control on addition of sucrose, a sugar that shows no affinity for the protein (11) . The spectrum of the tryptophan in the native protein has a maximum emission wavelength that is red-shifted relative to typical protein tryptophan emission, a finding which suggests a hydrophilic environment for this residue (21) . The blue-shift that is observed upon addition of ligand usually indicates a change to a more hydrophobic microenvironment (21) . A similar shift was observed by Boos in the E. coli protein (12) .
Labeling levels (Fig. 3) . Changes of this type most likely indicate that the fluorescein residue is shifted to a more hydrophilic environment (19, 23) .
KI Quenching. Potassium iodide (KI) quenching (24) of fluorescence emission in the galactose binding protein in the presence and absence of substrate was examined (Fig. 4) (Fig. 4 lower) is the overlap integral of the normalized donor emission spectrum with the absorption spectrum; Pom is the polarization of a fluorophore bound to a macromolecule when the macromolecule is immobilized, but the fluorophore is free to move within the restricted environment of its binding site; P is the observed polarization; r is the fluorescent lifetime; po is the rotational correlation time of a sphere of equivalent volume to the macromolecule; N1 = Pi/Po and N2 = P2/Po where P1 is the rotational correlation time for the long axis of the ellipse and P2 for each of the two short axes; Po is the immobilized polarization for the fluorophore; and K2 is dipole-dipole orientation factor (6,7). (27) and Weber (28) , Por has been calculated from the known macromolecular shape and steady-state polarization measurements, and (ii) the Weber equation for a dye attached with random orientation to a prolate ellipsoid has been substituted for that used by Dale and Eisinger for a spherical macromolecule. The resulting equation that relates Pom to P is given in Eq. 2:
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The measured polarization for 5-AF bound to the galactose receptor protein is 0. 11 (Table 2 ). This value falls between the polarization observed for the free dye in water, 0.017 (19) , and the theoretical value, 0.324, calculated for this dye randomly ¶ Deviations from the assumption of an isotropic distribution of 5 This "distant reporter group method" requires the placing of an environmentally sensitive group at a position known to be too distant to allow direct interactions with the ligand. In this application one intrinsic fluorophore, the tryptophan residue, and one dye added to a particular amino acid residue were utilized. However, two added reporter groups or a fluorescent ligand plus a fluorescent reporter group could serve equally well. For example, many enzymatic reactions involve substrates or allosteric effectors that are fluorescent or that have analogs that compete for the binding site that are fluorescent. Establishing that the reporter group is distant from the binding site by energy transfer between the reversibly bound ligand and the reporter group would be sufficient. The donor-acceptor pair must be chosen to allow the fluorescence transfer measurements and the distant group must show microenvironment changes on ligand binding. If two reporter groups are introduced, it will usually be convenient to use different covalent linkages, e.g., one alkylating and one acylating, to attach the dyes to different amino acid residues. The use of fluorescent reporter groups was a particularly attractive feature of the method since the great sensitivity of fluorescence facilitates subsequent dynamic studies of such labeled receptors. However, any method that can establish distances unequivocally would satisfy the procedure.
This approach is less demanding than mapping positions on protein surfaces by fluorescent energy transfer measurements. In the present application only a minimum distance need be established. If that minimum (in this case, 30 A) is far greater than the size of the ligand (in this case, 5 A), the chance for an erroneous conclusion is very remote. As the size of the ligand increases and the distance between reporter groups decreases the chance for error will increase, but this problem can be controlled by the investigator since there are many different reporter groups that can be attached to proteins. (16) .
It is generally assumed that effectors induce conformational changes in the receptors to which they bind. The evidence for such a mechanism is usually circumstantial, however, both because of the difficulty of isolating receptors and the ambiguity of the experimental tests. The finding that the purified Salmonella galactose receptor must undergo a conformational change on binding of its ligand is, therefore, although not surprising, important support for a widespread belief. It is of particular interest in this case because previous studies of this sensory system had led to the hypothesis that a conformational change must be induced in the free receptor prior to its association with the first component of the signaling system. The demonstration that the isolated purified protein does undergo such a conformational change, therefore, adds further support for such an association mechanism for receptor action.
